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ABSTRACT 


Kalman 's and Howitt's equivalence transformations are 
applied to the canonic impedance and admittance Foster LC 
forms and the Cauer ladder realizations for an RG CLiECuin. 
The results provide a format for transforming from one 
realization to another directly. Application of the Kalman 
transformation to second-order Brune and Bott-—Duffin 
realizations indicate that they are not compatible, implying 
the incompleteness of Kalman's transformation theory. The 
same technique is used to show a similar incompleteness 


Of Howitt 's theory. 
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I. INTRODUCTION 


One of the biggest problems facing the electrical 
engineer engaged in circuit synthesis is that of finding 
a circuit with a given impedance or transfer function which 
is better than all others in some subsidiary aspect. There 
are various criteria that can be, and have been, used for 
comparison between circuits with identical port character- 
istics. Examples of these include the sensitivity to 
component variations, the number or type of components, 
the overall complexity of the circuits, and several other 
like measures. 

There are two things that must be accomplished, 
however, before a search can be instituted to find the 
best circuits. First, there must be a method for finding 
at least one circuit with the proper port characteristics. 
This problem has been solved in many forms, for many types 
of characteristics, and, although there are gaps to be 
filled, most functions can now be realized. Second, there 
must be a method for generating a great number of equiva- 
lent circuits either from the first circuit or from the 
characteristics. Because of the rigidity of most synthesis 
procedures, it appears een generate a single circuit 
and then apply suitable transformations to find a set of 
equivalent circuits. Once the equivalent circuits are 


knowl, the search for the best can be begun. 








This thesis deals with two of the most promising of 
the several equivalence transformations devised over the 
years by the leaders in the field. The first, by 
R. E. Kalman [6], is based on the state equations of the 
circuit and is able to preserve the transfer function from 
input to output of the system. In the case developed of 
the one-port passive circuit, the input is taken to be 
either the port voltage or current, and the output the 
other characteristic. Thus, the transfer function from 
input to output is an immitance, and this is maintained by 
the transformation. 

The second transformation, developed by Nathan Howitt 
as early as 1930 [5], is still more powerful, using the 
loop impedance matrix of the circuit to maintain nearly 
any port characteristic of an n-port invariant while 
generating an infinite number of equivalent circuits. 
Unfortunately, in some cases a great number of these 
circuits include negative elements which, although 
realizable at present, increase the complexity of the 
circuit greatly. Howitt's Congruence Transformation, 
however, has a great advantage in that the step from the 
generated impedance matrix to the new circuit is generally 
much easier than the step from a set of state and output 
equations to the circuit. 

Kalman 's transformation has been discussed by Newcomb, 
Anderson, and Youla [1], and Howitt's has provided the 


basis for the theory of continuously equivalent circuits 


J 





as presented by Schoeffler [9,10], and Ardalan and Parker[2]. 
In this thesis the Kalman and Howitt transformations 

are applied to the canonic forms of Foster [7] and 

Cauer [4,7]. The results provide a direct transformation 

from one to the other which has not been available before. 

Given one form it is difficult to reconstitute the 

impedance function and then resynthesize to obtain another 

form, These results indicate how a direct transformation 

from one realization to another can be achieved. The 

transformations are applied to specific examples and then 


generalized using n-dimensional matrix formulations. 





IIT. KALMAN 'S TRANSFORMATION 


Kalman's transformation was first published in the 
1965 Allerton Conference Proceedings [6] and expanded 
subsequently in 1966 [1] as a solution to the problem of 
Pererating equivalent circuits. The authors showed how the 
transformation could be used to find equivalent circuits 
from the state AER ELE of a first circuit. This chapter 
presents a derivation of the transformation and then proceeds 
through several examples selected to show both the strong 
and weak points. Included are the application of the 
transformation to the Foster impedance/admittance general 
LC forms, the Cauer ladder RC forms, and the Brune and 
Bott—-Duffin realizations for second-order impedance func-— 


tions. The last example demonstrates its incompleteness. 


2e1 GENERAL DERIVATION 

As stated above, Kalman's transformation is based on 
the state-equations approach to circuitry, with the object 
of maintaining the transfer function from input to output. 
The general form of the state equations can be written 

x= AX+Bu Adi 

where x is an nXl colum vector of the states, u is a 
pXl colum vector of the inputs, the dot signifies time 
derivative, and A and B are nXn and nXp matrices, respec- 
tively. The general form of the output equation is as at 


the top of the next page. 





ee CD 2.1-2 
where y is a qXl colum vector of the outputs, and C and 
D are qXn and qXp respectively. The pertinent transfer 
function from u to y defined by — 
y= WU 2.1-3 
where Wis a qXp matrix, can be expressed as 
W=C{sr-A) B+D bad 
by a solution of 2.,1-l1 and 2.1-2 using the Laplace trans- 
form. In equation 2.1-4, sis the Laplace variable signi- 
fying a time derivative, I is an nxn identity matrix, 
and superscript ~* slenifies inversion of the matrix. 
If a new system is formed by transforming the matrices 
A, B, C, and D by the nkn square, non-singular matrix T 


using the following relations, 


i 


veP aw 2.1-5 
B=TE DEG 
ea OM i 2.1-7 
w= © 2.1-8 


then the new transfer function is given by 


W’= C[sx-A]™ B+ D’ 


ees 
=CT [si-TAT ] T6+D 2.1-9 
which can be reduced to 
—4{ 
w’=C[sxr-A] B+D=W Doe 


Thus, 1t can be seen that, despite the alterations in A, 


B, and C, the transfer function from input to output remains 





unchanged. The only possible restriction to the generation 
of equivalent circuits by this method is equation 2.1-8, 
which requires that the influence of the input directly 

on the output be the same in all the generated circuits. It 
will be seen that this can be a definite restriction which 
limits the set of circuits that can be generated. For the 
following example, however, both the circuits used have no 


direct influence between input and output. 


2.2 EXAMPLE: Foster Form, Third Order, LC Circuits 





Circuit #1 Circuit #2 


In order to show how Kalman's transformation can be 
used to determine equivalence, the two Foster circuits 
above are used which have the possibility of being equi- 
valent. Both circuits have a zero at zero frequency, a 
pole at infinity, and a resonance at some intermediate 
frequency. It will be demonstrated how the transformation 
matrix Tf is found, and what relations between the circuits! 
elements are necessary for equivalence. 


The first step of the process is to find the state 
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equations for the tvo circuits. As stated in the introduc- 

tion, the port voltage will be used as the input to the 

system, with the port current the output. Thus, the transfer 

function W will be the input impedance of the circuits, and 

the transformation should keep this the same for both circuits. 
For circuit #1, the state equations can be written 

directly in matrix form as 


oe 
ys (OE) ic 0 0 -I}lt / 
Ome OU | —| Ox. | \| Gl -lOVe 
O00 Gk J/-1 O U2 0 
This can be rewritten as 
t, wr 0 ia Ci 5 
SO 6 a C; T i 202-2 
U; Sy 5) 0 US 0 
where, for simplicity, G=4/Li and S=\/Cie It should be noted 


222-1 


that, for both systems, nu=—3, p=1, and, in the output 
equations, q=1. The output equation for circuit #1 is 
G 
T=|/ 0 ollé | 2,2-3 
U; 
For circuit #2, the equations can be as easily 


written as 


© 
lz 0 Ol] OG al NG / 
Ole O|] G=10 0 OV 4+ 71E Deed 
O00 CAIl& / O Olly O 
or © 
ls O Ol Wes C3 (3 
ly§$=|0 0 ON i+ | ye 2.2-5 
Bl | 330 Ojlel Jo 
and the output equation is i: 
ty / 0 | cy see 
U3 


Jick 








To summarize, then, the matrices needed for the 


TranstormatiLon are 


0 O-N T; 
A=|0 0 B| B=/o] C=[/00] D=o 
Sz -S O O | 


~ 13 / 3 / 
A=|0 0 6| B=|m] C=[/ 0] D=0 
53 0 O 0 


where the prime refers to the second circuit to distinguish 
it from the first. It is important to note that, in these 
femrices, D's), a condition which must be satisfied in 
order to use the transformation. To facilitate the finding 
of the fT matrix, the transformation equations 2.,1-5 through 
2el-—7] are rearranged to remove the inverse: 

oad le \ 2,268 
Si ies | 

From these, T may be found directly by assuming a solution 
and substituting into equations 2.2-8. Proceeding along 


these lines, the assumed solution for fT is 
COC 
T=|d e f 2,.2-9 
mee 


Then equations 2.2-5 are used: 


A 
becones 


ao be 
[/ o oj=[7 1 o}}8 2 LY [fardd Lbs e) (c+§) 2, 2-10 
ae 


This provides three scalar equations to be used in finding 


the elements of Ts: 


ord=i bre=O c+f=O Apel 


a2 











(S=TB) becomes 
(3 a belly ma 
mizld e Cf llol=ind 2,212 
O} jg halol ine 


Equation 2.2-l2 provides another three equations: 


f.=Ma . [4= ios OMe 2,2-13 
A'T=TA becomes 
ys =E es oe hy esa Oe 
j96 Olle 2 ES ee ieee 2, 2-14 
Ss 0 Olfe hj @ Wg || 52-2 O 


Oty 


“The -Toh-Rj] fe -Se Ca+Teb) 
Oo Oo Ol- Sf 250 Cid \b e) 2.2-L5 
Sea $3 b Sisc S24 ~S2j (e+ )> h) 


This equation provides nine more scalar equations. All 
fifteen of the scalar equations found are written below, 


with the dependent equations denoted with an asterisk. 


2.2-16 Sac=-Ihe eeal SO 
2.2-18 Szj=Ssa DESC) WES oes Nh 
peeeoor -S,f=0 222-21 —S2\ = Sb 
262-22 Na+eb=-Ts4 DaPats cae A =O) 
2,2-24% Netizh = Sse 2.2-25 atd=4 

2. 2-26 b+e=0 2,2-07* c+l20 
262-28 fs=Tla 2. 2-29 oo. 


Qe 2-30 O= i § 
To show the dependence of the indicated equations, 
a partial solution is necessary. Equations 2,2-17 and 


2.2-30 are trivial, with solutions f=g—0 for non-zero 


13 








values of the components. Then equation 2.2-16 has the 
solution c=0O and equation 2.2-19 yields h=0. Substituting 
these four values into equations 2.2-20, 24, and 27 
produces 0=0 in all three cases, showing the dependence. 
Four equations have been used and three discarded, 
leaving eight equations to determine the remaining five 


elements of T. Equations 2.2-26 and 29 are trivial, with 





solutions 
| & = oe 
= es, 2.2-31 
Equation 2,2-18 may then be used to obtain 
: C2 _ Co Li. : 
1S 6. = ete 252-32 
Then equations 2,.2-18 and 21 together form 
Ssh pal = —S3a_ 202-53 
or LL 
—_ STO oral a= 
Finally, equation 2.2-26 may be rearranged to obtain 
ae ee eee oe ks 
@=>-b=acs “= Di PaAs 


There 1s now a solution for the f matrix as 


cs) ar e 0 


= i) (eS) Rsk 2.2-36 
1303 


Three of the fifteen equations, however, have not yet 
been used. Substituting the solutions above into these 


three equations produces 
msies ae -L, C2 


sikee Uiek eres ooh 
peo 
ky Lee ne 23 c= 
La i cea i 39 


It is now apparent that these last three equations provide 
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constraints on the circuits! elements which are necessary 
for the equivalence of the circuits. The three equations 


above can be solved for the elements of circuit #2 to yield 


Li 
L.= = (UL +L2) 2 2-40 
La = er + Lez Ze o-—Al 
U, r= 
S3= Sz (4 1) DIE 


To show that the two circuits are indeed equivalent with 
these constraints, the impedance functions will be compared. 


For circuit #1, 





Za (s)= sb se oT nts = +) 22-43 
Ute Ser Te, 
For circuit #2, 
L2(s) = Gates st ! _ Seis + See te eer 2.2-44 
CzS i Sa Tae 


Then the constraints for lz, L4, and Sz are substituted 
in Z5(s) to produce 
2\ SAG 4 [Curd s CY (U4 Ly 
mis) = ? oa (u+ta)+(ueny} 7 [VCost dt Cite) 
) ot ae So vie Ce + ye 
LA, Cy 4 (litle 





_ gs lyts S241) 


<a f. — TAS, (s) 262-45 


The solution for T and the constraints is thus a 
unique solution, because twelve independent equations have 
been solved for twelve variables (Iz, L4,-Czs, and the nine 
elements of 1) in terms of the other three variables (I, 


Lz, and C,). The matrix T can then be put in terms of the 


1s: 








elements of the first circuit by applying the constraints 
2. 2-40, Ak and 4238 
l, —{ 
eam) () 5 
ot) Gres 
(ur lo 
O O a 7 


It is interesting to note that the transformation 





Te 


——— 


2.2-46 


matrix does not depend on the value of the capacitance Cz, 
even though this capacitance is an integral part of the 
first circuit and its equations. This stems from the form 
of equation 2,2-42, the constraint relating the values of 
the capacitances. The second circuit's capacitance may be 
Obtained from the first's merely by multiplying by a factor 
determined by the values of the inductors. Thus, the 
@apacttances are included by including this factor, 


which is disguised in the lower right element of T. 


2.3 EXAMPLE: Cauer Form, Second Order, RC Circuits 


\ t 


Circuit #1 Circuit #2 


——— > 





The two circuits above provide an even easier exanple 
in which the matrices are of dimension two rather than 


three. This example demonstrates that the constraints found 


16 








will include those for any resistive elements in the 

circuits as well as the energy-storage elements. In 

addition, this is an example of a case where the transfer 

function W is an admittance rather than an impedance. This 

is brought about by using the port current as the input 

and the voltage as the output, the opposite of section 2.2. 
The state equations for both circuits are written 

very easily, using the voltages v,;, Vz, Vz, and v4 as the 

state variables for the two circuits. For the first circuit, 


the current equations can be written directly as 
Ch =T 2.3-1 


Oo. U. 
Cola= 1 — 2.3-2 


which can be put into matrix form as 
@ 
UV Ow 2 U; ey, 
ames + 1p 203-3 
Uz O =; S2 Up Sa 


where (=f; « The output is simply the sum of the voltages, 


U; 
E=| 7” 23-4 
The second circuit has current equations of 
e Us —U4 
CS en oe 263-5 
Rf eS 2.3-6 
Rs 
which again easily form a matrix equation as 
© 
Uz -Gs Ss Ge Ss Uz Se 
= | ap) [ae 2.3-7 
Ua| | GsS4¢ —GsS¢ |} ly} 1° 
The output voltage is identical to vz, so the output 
equation is Us 
E=[1 0] by 2.3-8 


L7 











The transformation matrix is assumed to be 2X2, or 
a b 
=|. Q 23-9 
Then the transformation equations 2.2-8 can be applied to 


the matrices of equations 2.3-3, 4, 7, and 83 


becomes 


ao b 7 
[f 1] =[+ of] tl=le b&b] 2.3-10 
becomes | 
De o b y SV Ss b 
6 =a a d S, — ae a So 2e3-lLl1 
A‘T=TA] becomes 
“G53 G353||Q. a bilo o 
G,S4 -GS\| © d |e J 0 ~GS> 2.3-12 
G3S;(c-a) G3 S3(d-b) > O -Gi So b 
GSila-c) G,Sulb-d)| | 0 -G.Sd) De As 


Equations 2.3-10, 11, aad 13 provide the following eight 
scalar equations to be solved for the elements of T and 

the components of the second circuit in terms of the 
components of the first circuit. The one asterisked equation 
(2.3-19) is dependent, as can be seen by comparison with 


equation 2.3-18. 


2.3-14 a=i or sl 
205-16 Ss= Si A+ Sb 25-1 ee Seo ar 


2.3-20 G.Ss(d-b)=-GSeh 263-22 GgS4(b-d) = -G So 
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The solution to these equations is very simple. Equations 
265-14 and 15 give the values of a and b, then equation 

2.3-18 states that cma, so c—l. Finally, from equation 
2e5-1Li, 


Sele 
Then the T matrix, in terms of both circuits, is 
O Oo 
= np -& 2.3-23 
e) 


The three equations remaining provide the constraints, just 
as in the previous section. By substitution, the following 


are obtained: 


S32 5, + SS 2. 5-24 
G3Sz 2 +1) nd) Sy. 23-25 
G~ Se (14 C2\= eno 223-26 


Then the constraints follow through a simultaneous 


solution of the three equations for 8%, Cy, and Re: 


Coe mane Oe: mee 253-28 
Te Cr+ C2 
C1+Ce2 2 Ced-2 
Rs = Ry (Sar) __— 


It is not necessary to apply these to T, because the solu- 
tion in equation 2,.3-23 by chance does not include any of the 
elements of the second circuit. 

This section and the preceeding one have shown how the 
transformation may be used to determine the equivalence of 


two circuits by solving for the transformation matrix and 


Jey 








the constraints on the circuit elements. This seems to be 

a powerful tool which could be used to find the constraints 
on equivalence of nearly any two possibly equivalent 
circuits. However, the next section will demonstrate the 


main deficiency of the Kalman transformation. 


2.4 EXAMPLE: Brune and Bott-Duffin Synthesis Circuits 

The Brune [3,7,8] and Bott-Duffin (7] circuits are two 
general forms which can be applied to any RLC impedance 
function to obtain the initial circuit realization mentioned 
in the introduction. It would be greatly desirable if a 
method for transferring quickly from one to the other could 
be found. At present, the only method to accomplish this is 
by proceeding through each of the two synthesis procedures, 
a rather long and involved process. 

The following attempt to use Kalman's transformation 
to find the relations between the circuit elements is 
found to fail due to the main deficiency of the transforma- 
tion; namely, the requirement that the circuits used all 
have the same direct relation between input and output. 

The procedure used in the preceeding sections is used 
here. The general state equations and output equations are 
found, and then the transformation equations are applied 
to the matrices of tue state and output equations, From 
this, the result would hopefully yield the transformation 
matrix and the constraints on the elements of the two 


circuits. 
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© 
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hai @ 
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The Brune Circuit 


There is a problem in writing the state equations of 
the above circuit which lies in the fact that one of the 
two inductors is excess, despite the fact that it does not 
lie ina SMe: of inductors. This comes about because 
of the mutual inductance which places a constraint on one 
of the inductors. If this constraint is ignored, the ap- 
parent state equations can be easily written as 

L, Ath olf © 6 -1)fu] [4 

AM oll |e Ora, aire te | ee Dalai 

OO One eller © | C7 | ane 
Unfortunately, the premultiplying matrix on the left side 
of the equation is singular (its determinant equals zero) 
and therefore has no inverse. Thus, it cannot be inverted 
and taken to the other side as in the previous examples. 
This is an indication that there are too many state 
variables defined. 

fo reduce the number of state variables, either row 
Operations can be used or, equivalently, the scalar equa- 
tions can be manipulated. Considering the first two scalar 


equations of the matrix equation 2.4-l, which can be 
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removed from the matrices and written 


ls LPN ieee eats eee 
WLGt + & GZ =-U-&4G fe ES 


e 
then equation 2.4-3 can be solved for 4: 


: Far perme 4 i 
G=-4U&-4Gie ~ VLG 2.44 
When this is substituted into 2.4-2, equation 2.4-5 is 
obtained 
EN As ou nls 4 (ligts = E-v 204-5 


which can be rearranged and solved for lo: 


UNE Z Vea hi (4- (2) ie 


“ oe oe 1 ft. 
i, = Ui wy (ate -4) = Za NE 224-6 
This can be differentiated with respect to time to get 
a 
tp = big (nk. a4) Ema 2.4-7 


Then equations 2.4-6 and 2.4-7 can be substituted into equa- 
tion 2.4-3 to obtain an expression which does not include 
tes orits derivatives: 
r e (5 Te : Pears ve 

tty bth eQe-s\~ES ee mae EVE 2,48 
This is rearranged to obtain the state equation form 
7 L Te = as 

lite Lit 2 (ne-1) f= -vin + EA »-E BANS e 2.4-9 
Then equation 2.4-6 can be substituted into the third 


scalar equation of equation 2,.4-l1 to remove to: 


adh te ef 
&. C, a Vi 7 (ye —1) a i ZN 224-10 
At this point, equatiorw 2.4-9 and 2.4-10 will be the 
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new state equationg in only the two states iy and v,. 
Some work is still necessary to remove v4 from the equation 
2e’—-9. To accomplish this, equation 2.4-10 is solved for 
vy and then substituted into 2.4-9 to obtain 
(it. t+ [BAB - BYE aw ee Cle-0)- Een] 

ales Ely Ee te 264-11 
Solving algebraically for is the new state equations become 


Tie ((~f2) aE, pias Me )4Z, 2 ol, 
: tia Seema & iS 





fad ZOOL Zea jtEuz, 2.4-12 
o fi Av Not. (1-2) te A. le 
= & eet Z.c.VU 264-13 


These can be arranged in matrix form by using the Laplace 


variable and eee 9 by sE. The matrices are then 


“ a {e I OL Abt Lil 472c, 7 ae 
Ci 


. i. (a Whe Ge Gs L 


U | [aoe vi} | LE) 
= Zee, 2 CNT 
The output equation is easily written as 
dy 
=| Oo) 264-15 
/ 


which has a D matrix equal to 0, just as in the previous 
examples. 

Writing the state equations for the Bott-Duffin circuit 
is a fairly simple matter, unlike the Brune. This circuit, 
however, (at the top of the next page) presents a problem 
with respect to the transformation upon the writing of the 
output equation. 
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AP) or 
Vz Cs 
‘ : = O 


The Bott-Duffin Circuit 


Using vz and is as the state variables, the state 


equations can be written on inspection as 


; U: E- 

G ' So) eke ee 
gy ee Za 204-16 
L= i = E-Ve ee4-1i 


The matrix form for these two equations then becomes 
ra | 
\ 
‘ _{—- é { 
(3 O Ga (= Ga) 
“ G) 2 35 (B+ z) Us E3Zy) 
Normally, the output equation would be written in the 


form y=C' x'+D' u, or 


i 
T=(7 -¥4] ‘ (RIE 2.4-19 


In thinking ahead to the transformation, however, it is 
found that this D' does not equal the D of the Brune circuit. 
According to the mathematics of the transformation, this 
would seem to invalidate the use of Kalman's transformation 
on these two circuits. It is possible to force D'=0 by 
using the Laplace variable as a differentiator as in the 


input of the Brune circuit, but the following will show 
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that this is futile. 
By writing the output at the left end of the 
circuit, 
o Us 
ils Cols 1-7 Dee 


which converts to 


© 


( 
t=[o (sts+x5)] ‘ eae 
> 


and the output equation now has no direct relation between 
input and output, just as in the Brune case. The transform 
apparently can now be used, so the procedure of section 2.2 
is followed. 

The first step is to assume a matrix for T. In this 


Gasc, N=2, so the matrix is 


a b 
T= 2.4-22 
é 


The transformation is now avplied by using equations 2.2-8: 


C=c’T | becomes 


| cma | 


| 
1 o}=[o Gent)]| pe lcrd) dGorw] 24-23 
cc 


B’=1 B| becomes 


ili 42:0, Coast) (45-1 4aZ GA She)-b2Tee 

ar - ZENG 204-24 

wire =) cl W102, (7.4612) AZ Aah o4= 
a. ee ee 
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ars) GE) 
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Ens ANE )44z, 3 (is edbi- ellis oZ2¢,4d Zoe ais) 
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LC, Ly aa Os e 


Cs 4—26 
Then the three matrix equations 2.4-23, 24, and 26 provide 


eight scalar equations: 


27 e(sCsty)=1 24-28 A(oe+%\=6 
Maeil, =O lel, (1) TOues 21° Ch tt OSs ZC) Lab esiey tae Ph =29 
cit = cleC.2y 24) te 2y 27 40524057, Cbe-d GAZ, Tab. Dobe 20 
Meet. =o Ulu (-1B) bh) ez, 24-31 
aZCli-c Wb C+ By) = CHT GOA) AGL UZ, 264-32 
B27, = 2alal, ale. alel +a ls2?¢,4 blztie i WE) 2.4=35 
ZAG U-d 27. + 7) =2elaC,-e CAL -cCsLo +005 22¢, 
44 CsZth Vi) eee 


These el ght equations would be normally solved, in 
terms of the Brune elements (Ii, Lz, C4, and 21), for the 
four elements of T (a, b, c, and d) and the four elements 
of the Bott—-Duffin circuit (Ls, Cz, Z3, and Z4). However, 
for the purpose of showing that the inclusion of Laplace 
variables to force D'=0 is not valid, it will only be 
necessary to find the elements of fT. Using equations 


204-27 and 28, 


1 


as SCse 
23 


24-35 d=c and 2.4-36 c 
Then equation 2.4-32 can be used to find as 
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Finally, equation 2.4-31 can be used to find b; 


zc 1 lz" ate Zi & {b(\ Je) LGe0- ira mien 
co? SG... Zs | 3 Deh =O 


yo Cobol ae 

iL os _ (2 (Gag +l3Ai. (2 a4 1a aaa ~{s) 2, 4-40 
| Zine (5c, %,) 

In these solutions for the elements of T, the Laplace 


variable is included in all but one of the elements in such 
a manner that no solution for Cy, Zz, Zq, and Ls could 
remove it, Thus, the transformation matrix 1 will definitely 
include s. This implies that, when T is applied to A, the 
resultant At Will also include s, and it is know, by 
equation DANS: that this is not so. Therefore, the trans- 
formation found is inconsistant with the facts, showing 
that the inclusion of Laplace s to force D'=Ois not a 
valid procedure. 

Kalaan's transformation is thus not all-inclusive. 
When the D matrices of the two circuits differ, there 
seems to be no way to use the transformation, This implies 
that there is a large class of circuits which cannot be 


found with the transformation. 


at 





2.4 APPLICATION TO GENERAL FOSTER FORMS 

In some cases, Kalmen's transformation may be applied 
to general n-dimensional forms for the state equations of 
a type of circuit. Whether or not this can be done depends 
on the form of the general state equations. In general, 
hen the state equations can be easily partitioned into 
several standard matrices, then it is possible to apply 


the transformation. 


; 


In the case of the Foster-form circuits, both forms 
can be partitioned in the same manner to obtain identity 
matrices and rows and colums of 1's. The circuits used 
are defined as being of order entl, where n is the number 
of LC resonances in the circuit. Again, the first step in 


the procedure is to write state equations for the circuits. 


Vx. Luo | ere 





Impedance-form Foster 


For the impedance-—form Foster circuit above, the first 
equation involves the voltage across the inductor  , 
which can be written 

bute = 5 — 2 2. 5—L 
where the subscripts of the i's and v's correspond to 
the subscripts of the elements with which they are 


associated. 
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The remaining voltage equations are all alike, of the form 
& 
Lis Gy = Uy 2.5-2 


The current equations are all of the forn 
e@ e 7 
Cri Lil = lig — Lis 225-3 
Then equations 2.5-l1, 2, and 3 may be joined in partitioned 


matrix form as 
oom oa e ; a ; 
t } ie 
Vs ; O ! O Cra i ‘ O iA" Ga A. 
—_—-— _— —~ —"~——-= = - eo C 
GO; Lyttle 


iC 1S Vv, sears (NG 9 


where a) lower-case letters indicate scalars, upper-case 


2.9-4 


Kye 


rsarFarhen 

Cc 
c 

‘ale 
4 

({ 

2; 

= 

hate 


indicate matrices; | 

'b) Mis a colum (nX1) of 1's, and fas a row (1Xn) 
Ci Ss) Rimes cd esCalain. 

c) I is an n¥m identity matrix; 

d) I, and Cy, are diagonal matrices of element values, 
starting with (, and cy, respectively; 

e) I, and W% are colum natrices of the state cur- 
rents (beginning with i,,) and voltages, respectively. 

The output equation can be written in the same form as 


. bee | 
lo=[iic telly, 2.5-5 


=—- & 
4 


where the partitioning is as before. 

The same type of reasoning may be applied to the admit- 
tance-form Foster circuit on the next page to obtain the 
state equations and output equation as stated below the 


circuit, where all the matrices are defined as before. 
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Admittance-form Foster 
~Lm-N7ThvA oOo 
‘ { ' ( . A, NG ¢ 
A] deo! O 3 O tbo} |G; Or Slice | 4 
W251 OU Bia] oy iT +P Ee 2.5-6 
Ae ORES | A (Crete e |i Vea WG , 


to =[1 11°: o] 4 


z 


209-1 


Then the matrices to be used in Kalman's transformation 


ale 
6 o -¥ y, 
ne oO =, BE 0 Cad O 0] 225-8 
SO Ss 0 | | 
& Wate Ae 
A‘=|0 0 -p] Br cat 0] 2.5-9 
Of! Sos 6 C 


where, for convenience, =F and AY =e ° The notation to be 
used throughout this section in referring to row and 

column matrices is as follows: superscript cc) denotes a 
column matrix, superscript “ agenotes a row ikshinagelo'e.) alad untae 
element with one of these superscripts is a scalar, it is 
repeated throughout the row or colum; if the element is 


a diagonal matrix, the diagonal elements are in order in 


the row or column. Thus, the matrices used in equations 
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2e3-8 and 2.5-9 above are — 


= % 
AOE | Hp Thao - Yo| aon Biz le Tee 
i By 


The transformation matrix is assumed to be partitioned 


in the same manner; —_4_ en 


c 
e tnt Th Ts 
1 eee eee rc 

Af ea es 2.5-10 
L Ry » Be ' T33 


The transformation equations 2.2-8 are then used as before 


with the partitioned matrices of equations 2.5-8, 9, and 10: 


becomes 


£, TT 


eo j=[4 4° 6 lie ea |Get nerd” EGairy,)| Pett 
‘Tat Tez 33 
kei: Nioaati 13 aio Lines 
"fs 2) Neo Teg oy = Ter ho éeo-le 
ts, Tse Ves ]] © Tx Qe 
A°T=TA| becomes 
O O 0 bu Te | tu le TNs Cs C: ye) 
eC la, ass Picci, Hae. Ce mean wees 
0 Sz 0 |lTta Te Ty ey IPAgro| |S sn © om 
O T35° —Ti3% Civitas) 
- hi -ER: ~Bils> |= Jz i -Ta2>1 Cea ~Tz Ss) De 5-14 


ele Sale Sek3 Tey Se? -1335, Gare) 


Then equations 2.5-11, 12, and 14 provide fifteen submatrix 
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equations of varying dimension which are to be solved: 


> Gelbwnateec 1s, = Al 2 5-16. Tae 
2.5-17* Ti344° Teg =O 2.5-18 Wout Ve 

25-19 G°=T,% 2520) ae ete 

mp -Ol* C=TsS° ZOD ee (= St 

2,5-23  O= To —t,%e? 2.5-24 -[21s)<Tas Sf? 
2.5-25 ~-i2 Tz. = —TesS, 2.5-26 -13 133 = TNT No” 
2.5—@27 S27 = Tes S0 2.5-28 S2t2=—TesS) 


25-29% S.Teg= Tee W-TaNo” 
As before, the asterisked equations are dependent, This 
will be shovm in the course of solution. 
Because S4, is a diagonal matrix, there is no adding 
of terms in equation 2.5-22, and the solution is 
Kiss OC 265-350 
It can be seen immediately that equation 2.5-21 is dependent. 


From equation 2.5-18, 





ee fe (2.5231 
Equation 2.5-19 produces 
ties = pee 2.5=32 
From equation 2.5-20 
Ts, =O 209-353 
and equation 2.5-23, t,7:6°=ThlF | 
pean ys ply Seal” 2.5-34 
Then equation 2.5-24 has 
6-35 tr=6 2. 5-35 


because the equation must equal 0, no matter what the 


values of thecapcecitances. It then follows that equations 


we 








2.5-17 and 29 are dependent. Finally, from equation 2.5-25, 
-\, [22=0 and ica @ 205-36 
At this point, only T., and Ts; remain to be found. It 
is necessary, however, to delve inside of the submatrices 
to solve for the form of their elements. By defining 
EP Lig ++ Sin 
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; 2.5=37 
33 33 
ca Pony ee Le 
then equation 2.5-28 can be used to obtain 
oy ee O Wey ee ae 
4 s ¢ i A 
is. = -QRsS=- 0 Caz : ° f 4 a 
s 3 . 33 2 o 4 
Oe. a ~ Con YR reas O e¢ 8 + bin 
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Lies bit a Co, Mie oo 2) ieee t Cz, bin 
Ge Case Cie Cee : 
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Ef 
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af Coe iy ar ° Tan Cn din 
This result can then be substituted into equation 2,.5-26 


ia the form 
() 
Be = ALR a 25259 
Lio To, Ver G see O ae roe ie 
$10 722 © Ke : ° 
; |e Tio . No|— s e : 3 
2 7 AL 3 33 
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. 205-41 
E205, AY) a ee ae a Peon bn Mo 
Careful examination of equation 2.5-41 reveals that each 
equality in the equation contains only one t °°, and a 
general form of solution can be written 


the Pat cy hy 


, 
¢ ’ 
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FMEA TVG Cp hj — Cri at 2.542 
Then equation 2.5-38 can be studied to obtain 
t= Cri Ajei hs Si: 

gue COC ee GG Cr ki 265-43 


Then the form of the transformation matrix, in terms of 


elements of both circuits, is 


—i— cn es rons 


t ‘e 1 4 | 
2 (f=) ! Neen O 

re ch 7 ra se 

— TWO 1 te 1 O 2.5-44 
4 Oe 60 


where the elements of Th, and I; are as in equations 2,5-43 
and 2.5-42, respectively. 

The next step in the procedure is to find the constraints 
between the elements of the two circuits in order to express 
<1 in terms of one circuit's elements only, but, as shown 
below, the equations to be used for this purpose are not 


solvable in general terms, The three equations not yet used 
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are 2.5-15, 16, and 27, which are used as follows: 
The results given in equation 2.5-44 are substituted into 


equation 2,5-15 to vroduce 


v= id rea <) 
+ iol 24 ere 


which, when the matrix multiplication is performed, may 


be written as 


fe + bol i 2 ={ 


c=! 


Ze 5-46 


or 
w 


a 
Ls Yori a 2.5-47 


The same procedure for equation 2.5-16 produces 


Nol? +41 Ter = 0 25-48 

By ir re: Lon 

Veo Le Lro | | 

: Boe \(S-sts = (Segeti\]=0 245-49 
Gitar =Cyly fereeterCy ky =I 2nbon—Cy Uy | 


This provides n scalar equations of the form 





as , 
een / , 
fet ag = ° , k=Lton 2.5-50 
Lastly, substitution in equation ¢2.5-27 produces 
5.1 O° = Ts So 265-51 
which is, in expanded forn, 
ae: ae 6 lr] bn 
Kio CG dre he =e a 
; oe casi | ia: oe 225-52 
5 a oud Beith | Dm 
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The indicated mu a Cae produce 
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| Cuhum Cia = Coosa: Loe 
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, - Ze 5-53 
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ee Den ae Eee Ze 
This provides another n equatiom of the form 
n 
RC 
: se —,—_—_-,— = - 
i“ biMe=) Sate eel ) kod dow 205-94 


Unfortunately, although equavions 2,.5-47, 50, and 54 form 
en+l equations to find the en+l elements of the admittance- 
form Foster circuit, equations 2.5-50 and 54 are each of 
degree n in both ci and fi. This prohibits a further general 
solution, and in addition makes a specific solution very 
difficult for n>2. Consequently, the transformation matrix 


must be left in the form of equations 2.5-44, 42, and 43. 


2.6 GENERAL OBSERVATIONS 

At first glance, Kalman's transformation appears to 
be a very powerful tool to be used in circuit synthesis, 
but one soon finds several faults with it. First, and most 
raring, is that 1t requires the direct relation between 
input and output to be the same for all circuits of a 
group with which it is used. As demonstrated by section 2.4, 
this is an unfair requirement to make when a representative 
sample of circuits with a given characteristic is desired. 
Circuits with a different D matrix are not even considered, 


yet the optimum circuit for the engineer's requirements may 
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very easily lie within the excluded group. 

second, the transformation is based on the state 
equations, which can be very difficult to write, as in the 
case of the Brune circuit of section 2.4, In addition, it 
is almost always difficult to obtain the proper circuit 
for a certain set of state equations, making the procedure 
of finding a second circuit from the first synthesized 
circuit a very difficult one. 

Despite these deficits, however, Kalman's transforma- 
tion is a good tool to be used in limited cases for which it 
is applicable. It can sometimes be used to find solutions 
for general classes aft circuits which may be transformed 
back and forth, as in section 2.5. Also, it is a valuable 
aid in determining the relations between the various elements 
in two like cee as in the Foster LC of section 2.2 
and the Cauer RC of section 2.3. For cases of order three 
or less, it is fairly easy to proceed through the algebra 
of the transformation to obtain meaningful results, but 
an increase in the order of the systems greatly increases 


the complexity of the calculations. 
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Tit. HOWITT'S TRANSFORMATION 


Hovitt's Congruence Transformation was developed in 
1930 and first published in The Physical Review in 1931 [5]. 
Amazingly enough, it is still one of the most powerful 
transformations available in circuit theory today. Based 
on the loop impedance function of the circuit, the 
transformation produces an infinite number of circuits 
which are topologically congruent with the original, and 
it can maintain any desired impedance or transfer function 
of an n-port network. For the purposes of comparison with 
Kalman 's transformation, this thesis will concentrate on 


the maintenance of the input impedance of a one-port. 


3.1 GENERAL DERIVATION 

Any RLC circuit can be defined in terms of the loop 
currents and voltages by the equation 

Ure Ze 3.1-1 

where Z is a square matrix containing the values of the 
components in the circuit. The Z matrix can be split into 
three matrices, R, L, and Sh such that the component values 
of each type are included in the proper matrix as follows; 

a) The main diagonal Soran consist of the sum of the 
particular type of elements around the respective loops. 

b) The off-diagonal terms are the values of the 
elements common to the two loops referenced by the row 


and column position. 
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Howitt shows how, by assuming a transformation for 


the loop currents of ; 
d, { O O «ee O i 
bo] [Qa Qez Qe3 Qen || oe 
a 2 8 341-2 
iE et Ren (Me): 

and for the loop voltages of 

{190 “O <"aee © flu 


1 [Qe Ger Arg Qn 1) U7 
5 aa seal 3-1-3 
Gui Ane Onzg- + © Anal] un 





for an n-mesh circuit, the input imvedance to mesh one is 
maintained constant. A more useful approach is the equiva- 
lent procedure of transforming the R, L, and 5 matrices 


by the same A matrix and its transpose as 


R=A RA aad 

L=AP LA | 361-5 

Sen Sh 31-6 
fiena these new R', L', and S‘' define a circuit which will 


have the i' and v' of equations 3.1-2 and 3 above. 

In order to maintain a transfer function between ports, 
it is only necessary to have two rows of the A matrix 
filled with a single 1 and zeros. This will not only main- 
tain the input impedances to the two ports designated, but 
also it will keep the transfer function between the ports 


constant. 


3.2 EXAMPLE: Foster Form, Third Order, LC Circuits 
The same circuits used in section 2.2 can be used here 
to demonstrate Howitt's transformation, and the comparative 


ease with which it can be used. In this case, the state 


BY, 





equations were of dimension three, and there were thus 
nine elements of the transformation matrix to be found, 

but the same circuit has only two loops and is thus defined 
by a two-dimensional set of loop equations. Because the 
first row of Ais already defined, there remain only two 
elements of the transformation matrix which will have to 


be found. 





Circuit #1 Circuits 


The circuits are redravm above to show the distinct 
loops which will be used in this transformation. The first 
step is to determine the L and 5 matrices for each circuit. 
(In both cases, R=0O.) In circuit #1, the sum of the second 
loop 's inductances Ans Sammeile fg, which is the 2,2 term of 
the L matrix. The sum of the first loop's inductances is 
Iy+l2, and this term goes in the 1,1 position on the main 
diagonal. The off-diagonal terms are equal to the induc- 
tance common to both loops, lz. The same procedure is 
followed for the capacitance, and the first circuit's 
matrices are 


ie (ina Lz) Ly eB C ‘2D 


= 
— —— 


-~ as L. 7 Onno s 32-1 
The second circuit's natrices are found in the same way: 
/ Ly lq | el NG, 
oa L4 (silt,) 271¢ S3 me 
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It is desired to find what A matrix will convert 
circuit #1 into circuit #2. As in Kalman's transformation, 


a solution is assumed 
{ 0 
A= te, Clee 302-3 
and substituted into the transformation equations 3.1-5 and 


%.i1-6 to obtain 


LW-NULA] pecones 


La, Ly (U, +lz2+4+2Qy, L at Gok ..) (Qez L, Mone Lean | 


ee . a= 

Ly Cl) Gulls Gaamn) Q22 Le | ee 
S=KSA]| becomes 

oe Oe Qi Sp 02122 Sz ee 


0 s Wt! Gans. 025 Sa 
Each matrix, because it is symmetric, provides 4(1 +n) 
scalar equations. In this case, n equals 2, and there are 
six different equations. Of these, however, one is agpeanlent 
(starred), and there are thus five equations with which to 


find 8), a2, Is, I4, and Cz. The six equations are 


32-6 Li=balrt2Qaibe +O Lo GI eee jeg Clee Lee 
3.2-8 lsr4=Qrle 362-9 0 =Q2 Se 

OL 
3.2-10% O=Q21022 So Ae She eess 2 


For the sake of simplicity, only a, and a 2vill be found, 
at which point the constraints of section 2.2 will be used 
to form A in terms of the first circuit alone. It should 
be understood, however, that these constraints can be found 
from the above equations, and normally would be. 


If it is assumed that the elements are all finite and 
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non-zero, then equation 3.2-9 produces 
a~=O0 or (oa =O oi ele 


From equation 3.2-ll, 


? 


2 


Qe =NS 322-13 


Finally, using equation 2,2-42, 


a -. [Saee  e ie Daa 


Then the A matrix, in terms of circuit #1, is 


| 


© 
A= ras 3e2-L5 
ee) 


One of the best points of Hoyvitt's transformation is 
that it is relatively easy to determine the circuit from 
the new R', L', and $', whereas the Kalman transformation 
ends vith the state equations, and it can be a viciously 
hard step from these equations to the circuit. A good example 
of this is the use of the above derivation with the first 


Foster circuit below. 





The L and S matrices of this circuit are 


ae 6 0 
Te al 2 = C) 4 3.2-16 


Using equation 3.2-15 above, the A matrix is 


ee 


Aau{i 0 
ia 0 2. : 3ecn-L? 
Applying this to lL and §, 
Ae ee eos 3.2-18 
Bi alii ate I 





302-19 
Simply by inspection, these values can be put into a two- 


mesh circuit to obtain the second Foster circuit 





Both of these circuits have the same input impedance 


S3425 
LiG\= oa 52220 


which has been maintained by the transformation. It is 
interesting to note, however, that this is only one A 
matrix of an infinity which, when applied to the first 
Bmrciit, produces a realizable second circuit. The second 
circuit will have tvo loops, as above, but elements will 


have different values. For example, applying the A matrix 






n_{t 2 
ae 6 Yr 422-21 
produces 
y, Lee “Uv One 
a 34, Y, and 2 “16 VY 4262-22 
These matrices form the circuit below. 
O90 90 RMA 
My Ye 





Thus, there are an infinity of realizable circuits with the 
impedance function 3.2-20 above that can be found via 


Howitt 's transformation. 
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Jed APPLICATION TO GENERAL FOSTER FORMS 

In section 2.5, Kalman's transformation was applied 
to the general state equations for the 2+t1 order Foster 
LC circuits, and the transformation matrix was found. 
The matrices were necessarily partitioned into three parts, 
of 1, n, and n. In the same circuit, however, there are only 
n+1 loops to be considered when using Howitt's transformation. 
This simplifies the calculations tremendously, and allows 
the matrices to be partitioned in only two parts. As in the 
Kalman transformation, though, the complete solution is 
again prohibited by a set of m equations to find m variables 
in which more than one variable appears in each equacicoe 


| aly fee | en 








The Impedence-form Foster 


If the loops in the above circuit are taken to be as 
showmm, the L and § matrices partition very easily. The 
sum of the inductances in the first loop is simply the 
sum of all the inductances in the circuit. Each inductance 
is common to the first loop and its own loop, so the 


inductance matrix is 
ae iy (ys de ae 
=o . 
_ | in fu PO s) 
L=li, o & 6 3.3-1 
Cin O C ee (, 


AA 





which can be partitioned as 


—|_ 


Or i c=0 ! A. 9=2 


The susceptances are each contained solely in their own 


loops, so the susceptance matrix is 


Ot Geet G 
© Ai O O 
=e 6 Om, <a 363-3 
OG Ores Din 
which can be partitioned in the same way as 
pe ga ee has 
" 1 oO: O 





The Admittance-form Foster 


The admittance-form Foster circuit presents a serious 
problem unless the loops are defined somewhat strangely. 
If the meshes are taken as loops, the matrices found cannot 
be partitioned at all, so the method above is used, This 
does not affect the transformation, because this definition 
still has just the first loop at the port so that the loop 
current and voltage of this loop can be maintained without 
affecting the others. 


With the loops as shown, the sum of inductances in the 
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first loop is simply eee but this is also common to every 
loop. Each of the loops other than the first has a sum 
of inductances equal to Qo. plus the inductance in the 


corresponding branch. Thus, the inductance matrix is 
ha foo Loo | ie ae.) (ep 
hoo Cast C)) pee Lo 
Ee to6 wits (anther) (eo 35 Ses 
Coo es jibe Ces (Cotlen)| 
which can again be partitioned the the same way as 
t i 
= oo ee 523-6 
= at 
; (es FOL 
fiere f." indicates rs nXn matrix of (5's. The suscep-— 


tance matrix is as simply written, as 


6.0 0% 600 
G by O 0 
S=}0Ob2, O | 363-7 
DO Ona 
and partitioned as 
: Lm—nrn-4 
ae sO 0 
gee CE) ae oe 3.3-8 
io it Oo. 


The transformation matrix is assumed partitioned in 


the same manner _ciarn- 
tl 

aa 3-3-9 
i Ant An 


and is applied to the partitioned matrices in equations 
3.3-2, 4, 6, and 38: 
L’=A‘LA | becomes 


Leo i je (Zhi +4 Wiel £4 pty Duy ( loi 3,3-10 
2 68a] Gb .ASL Ay) CORE NB) 
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becomes 
CO) UNM IASC Ae cr ee 
F slecn ret 5«3-L1 
pix equations are obtained from equations 3.3-10 and 11 
which will be used to solve for the elements of A and the 
constraints. Only one is dependent, equation 3.3-16. 
5-12 bP hi SU Aas Apile va Any Sys sileilee =e eee 
363-14 ®y=At ob Are 33-15 6=AaSiAn 
3.3-16* O=AnS.Au 363-17 S22 AK SAre 
Becuase 5,4 is diagonal, the equation 3.3-15 produces 
0 = =) "(ak Vi 343-18 
and since this must be true for any set of A.c's, then 
Aw=O 505-19 
and equation 3.3-16 is dependent. In equation 3.3-17, 
the form of the Ce terms is 


p>{ 
and the form of the main ‘aus terms is 
Lal 
(ai) dik | 3.301 


=} 72> 
If an assumed possible form of solution is agz=O for aeeonie 


which satisfies equation 3.3-20, then equation Seo-ek 


produces 
Nee 22 cla 
(es Nie or ite == Vere 403-22 


Unfortunately, the off-diagonal terms of equation 3.3-14 
are of the form 
2 eee . ‘ 
Lo=> Oeake Lie, ish 3.3-23 


and the assumption above does not satisfy this equation. 
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This type of solution is thus not possible, and the 
equations left cannot be solved in general terms, with the 


exception of equation 3.3-12, which has the solution 
At 


oe =), (a: 323-24 
The remaining equations can be used to determine the general 
form of the equations to be solved in a specific case. 
From equation Je3-l3; 
lew=) WG, kad dew 303-25 


7 
Finally, the main diagonal terms of equation 3.3-14 are 


Geethe form ' 
. es aad : 
Q . + (eae — (OG Gk ) c=4 to At 33-26 
={ 
From the above equations, the form of the transformation 
matrix is cc 
i] ae 
ian uae > a 363-27 
n O he 
ie a 


where the elements of Az» and the constraints are found 
from the equations 3.3-20, 21, 23, 25, and 26, 

Even though the solution is carried no further in 
this section than it was in section 2.5, the point to be 
draym here is that the calculations involved were much 
simpler than in Kalman's transformation. Of course, in 
this particular problem, the state equations are of 
dimension three while tue loop eae ode are of dimension 
two. It is conceivable that another problem could find the 
exact opposite situation. Nevertheless, it is still true 


that it is not necessary to find one entire row (or more 
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in dealing with transfer functions) of the transformation 
matrix of Howitt's transformation while the entire matrix 
must be found in Kalman's transformation. This ensures 

that, even in an equal case, the complexity of the equations 
in Howitt's transformation will be considerably less than 


that of Kalman 's Transio matron. 


3.4 EXAMPLE: Brune and Bott-Duffin Synthesis Circuits 

In section 2.4, it was shown that some possibly 
equivalent circuits cannot be handled by Kalman's transfor- 
mation. The circuits used to demonstrate were the Brune and 
Bott-Duffin basic synthesis forms. A careful examination 
of the circuit diagrams in that section (pages 21 and 24, 
respectively) ‘will show that Howitt's transformation 
likewise cannot be used, for the simple reason that the 
two circuits are not topologically equivalent. Brune's 
circuit has two loops, while the Bott—Duffin circuit has 
three. One of the basic assumptions in Howitt's transfor- 
mation is that the circuits used must be of the same order 


in the loop equations, so the transformation cannot be used. 
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IV. CONCLUSIONS 


The two transformations dealt with in this thesis are 
both designed to be used for developing many circuits with 
the same characteristics, yet they attack the problem 
from two cifferent directions and the results are quite 
different. 

Kalman 's transformation is based on the state equations 
of the different circuits. Through manipulation of the 
matrices of the state equations, the transformation manages 
to keep the transfer function from input to output invariant. 
The basic LEM OTA Ge this first trmsformation is that 
the direct relation between input and output must be the 
same in all circuits. This seriously hampers the field of 
endeavor, excluding a great number of equivalent circuits 
in which the optimum circuit may lie. In addition, in most 
cases the complexity of the transformation is such that 
solution of the problem is made very difficult. On the 
other hand, the transformation can be a very powerful tool 
in some of the simpler cases when it is desired to find 
the constraints between the two circuits’ elements. One 
point discourages the actual finding of a multitude of 
circuits with Kalman's transformation: the difficulty of 
finding the proper circuit from the state equations found. 

Conversely, Howitt's transformation uses the loop 


impedance matrices, and the step from a generated loop 
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impedance to the corresponding circuit is very Simple. 
This transformation deals directly with the impedances, 
altering these matrices to maintain the current and voltage 
in one or more loops, and consequently the input impedance 
to those loops. The main restriction here is that a great 
number of the circuits generated at random by this trans- 
formation would contain negative elements, undesirable for 
most circuits. By a careful examination of the requirements 
on the new impedance matrices for positive elements, one 
can find the range of transformation matrices which will 
produce realizable circuits, but the mathematics of this 
approach is fairly prohibitive. Despite this restriction, 
Howitt's transformation can handle fairly complex circuits 
with ease, compared to the unwieldy Kalman's,. | 

This has not been an exhaustive examination of the 
two transformations, but the applications and limitations 
of each have been shown and, using the transformations, 
sections 2.5 and 3.43 provide the basis for ease in trans- 
lating from the impedance-form Foster circuit to the 
admittance-form and vice versa. The procedure used in those 
two sections can be applied to a wide range of possibly 


equivalent circuit forms to obtain satisfactory results. 


on 
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